Two kinds of dendritic chiral BINOL ligands have been synthesized through the condensation reaction between 2,2'-dihydroxy-1,1'-binaphthyl-3,3'-dicarboxylic acid and Fréchet-type polyether dendrons with primary and secondary amine at the focal point, respectively. These dendritic chiral BINOL ligands were found to be effective in the enantioselective addition of diethylzinc to benzaldehyde both in the presence and absence of Ti[OCH(CH 3 ) 2 ] 4 . Much different enantioselectivity was observed in both cases. In the former case, (R)-2 showed moderate enantioselectivity, which was much higher than that of (R)-3. The size/generation of the dendrimer 2 did not significantly influence the enantioselectivity. In the latter case, (R)-3 gave the highest enantioselectivity as compare to (R)-1, (R)-2 and BINOL, which decreased on going from 3-G 0 to 3-G 1 .
Introduction
During the last decade, enormous progress has been obtained in the field of dendrimers research owing to their unique physical and chemical properties. 1 One of the main applications of dendrimers is in catalysis. [2] [3] [4] The first example of dendritic catalyst was reported by van Koten et al in 1994. 5 The properties of regular monodisperse structure and multiarm topology of dendrimers offers better control of the number, shape and structure of the active sites and of their microenvironment as compared with the heterogeneous, polydisperse polymer-supported catalysts. Such novel catalysts can be used under homogeneous condition and be readily recovered via simple supra-filtration or solvent precipitation methods. Therefore, dendrimerbased catalysts may fill the gap between homogeneous and heterogeneous catalysis and combine the advantages of both. Although a number of dendritic catalysts have been described, so far, relatively few reports on catalytic asymmetric catalysis employing chiral dendritic catalysts are available.
We have been interested in the core-functionized dendritic chiral catalyst for asymmetric catalysis. [6] [7] In the case of metal-centered dendrimers, the size of the dendritic wedges, just like enzymes, can create a well-defined microenvironment around catalytic sites and mimic the high selectivity like enzymatic reactions. [8] [9] Most recently, we have developed two types of chiral dendritic ligands for asymmetric catalysis through the incorporation of BINAP 6 and BINOL 7 into the core of the Fréchet-type dendrimers, respectively. In both cases, it was found that the size of the dendritic wedges influenced the reactivity and the enantioselectivity of the dendritic catalysts.
The "dendritic effects" were probably due to the space-filling nature of the dendritic wedges near the metal center, which would alter the structure of the metal complex and thus possibly influence the reactivity of the catalyst and/or the substrate selectivity of the catalytic reaction with increasing generation of the dendrimer. For example, the dendritic BINOL ligands 1 were found to be highly effective in the enantioselective addition of diethylzinc to benzaldehyde both in the presence and in the absence of Ti[OCH(CH 3 ) 2 ] 4 , albeit gave lower enantioselectivity with the increasing generation of the dendrimer. 7 This indicated that the microenvironment of the catalytic sites of the dendritic catalysts is very important for their effectiveness in steric control. Several types of chiral dendritic BINOL ligands bearing dendrimer wedges were recently described, however, so far, no precedents exist concerning the modification of the microenvironment of the catalytic sites of the dendritic catalysts through systematically adjusting both the linking groups and the generations of the dendrimer wedges. 7, [10] [11] [12] In this paper, we designed and synthesized several chiral dendritic BINOL ligands (2 and 3) through the condensation reaction between BINOL derivative and Fréchet-type polyether dendrons. These dendrimer ligands were applied to the enantioselective addition of diethylzinc to aldehydes for comparing their performance. Rather different reactivity and enantioselectivity have been achieved through adjusting the microenvironmental structure of the dendritic catalysts via changing the linkers and generations of the dendritic wedges.
Results and Discussion
Synthesis of chiral dendritic BINOL ligands 2(2-G 0~2 -G 3 ) and 3(3-G 0~3 -G 1 ). The commercially available (R)-BINOL was chosen as model ligand for this study due to its very extensive applications in asymmetric catalysis. 13 The 3,3'-positions on the naphthyl backbone of BINOL were chosen for the attachment of dendritic wedges due to the proximity of the dendritic wedges to the catalytic center, which may provide a potential opportunity to study the influence of the shape and architecture of the dendritic wedges on the chiral microenvironment built around the catalytic active site through systematically adjusting the generation of the dendrimer. The synthetic route is outlined in Scheme 1. Firstly, the BINOL derivative, 2, 2'-dihydroxy -1, 1'-binaphthyl-3, 3'-dicarboxylic acid 4, was synthesized according to the procedure reported by Kitajima et al. 14 The hydroxyl group of BINOL was protected with the methoxyl methyl (MOM)
group. The MOM-protected BINOL was then lithiated by n-BuLi followed by carboxylation and deprotection reactions to give 4 with overall 54% yield. We chose Fréchet-type polyether dendrimer as supports due to their inertness to catalytic reaction. Two kinds of polyether dendrons with primary and secondary amine groups located at the focal point were synthesized by the convergent-group approach. Fréchet-type dendrons with bromide at the focal point were prepared according to the procedure introduced by Hawker and Fréchet. 15 The resulting bromides were converted into their corresponding amines by using the method reported by Vogtle et al. 16 Classical Gabriel synthesis, introduction of the phthalimide followed by deprotection of the amine using hydrazine, resulted in dendritic amines 5. The first generation of secondary amine dendron 7 was synthesized through the alkylation reaction between phenylamine and the Fréchet-type dendritic bromide 6 in the presence of triethylamine in high reaction yield. Finally, the chiral dendritic BINOL ligands 2-G 1~2 -G 3 and 3-G 1 were successfully prepared through the coupling of 4 with the corresponding dendrons 5 and 7, respectively. 4 was first chlorinated with SOCl 2 followed by reactions with 5 and 7 in the presence of triethylamine to give 2-G 1~2 -G 3 and 3-G 1 , respectively, in moderate yields. For comparison, the corresponding zero generation compounds 2-G 0 and 3-G 0 were also synthesized with the same method.
Scheme 1
All of these dendritic BINOL ligands were characterized by IR, NMR, MS. All results are in full agreement with the proposed structures. The well-resolved 1 H NMR spectra indicate that these dendritic BINOLs maintain a C 2 symmetry in solution. The IR spectra give a strong absorption at about 1655 cm -1 , which indicates the existence of the carbonyl group. Some of the characterization data are summarized in ) respectively, which clearly demonstrated the formation of monodispersed dendritic BINOLs. The optical rotation and molar rotation data are also collected in Table 1 . The specific optical rotation [α] 20 D decreased with the increase of the dendrimer generation. However, the molar rotation was almost identical regardless of the generation, which showed that the dendritic wedges attached to the binaphthyl core did not lead to major chiral amplification. . Most recently, we also applied the chiral dendritic BINOL ligand (1) to the addition of diethylzinc to benzaldehyde. 7 In order to establish the relationship between the linker or the size/generation of the dendrimer and its catalytic properties, these dendritic chiral BINOL ligands were employed in the titanium Lewis acid catalyzed enantioselective addition of diethylzinc to aldehydes (Scheme 2). 
Scheme 2
According to our previous study, we chosed toluene as reaction solvent, and an aldehyde: ligand: Ti(O iPr) 4 : ZnEt 2 molar ratio of 1.0:0.2:0.8:3 as the standard reaction condition. All these dendritic chiral BINOL ligands were found to be highly effective and chemoselective in the titanium-catalyzed addition of diethylzinc to benzaldehyde, which was converted to 1-phenyl-1-propanol in more than 98% yield and with no byproduct. As shown in Table 2 , when using benzaldehyde as substrate, the size of the dendritic wedges of 2 did not significantly influence the enantioselectivity of the catalyst (entries 2-5). These results are much different from those of dendritic BINOL ligands 1, in which the enantioselectivity of the catalysts decreased upon going from the zero generation to the third generation dendrimer (data in the bracket of entries 2-5). In order to further demonstrate the size/generation effect of the dendritic BINOL ligand 2, another two aldehydes were used as substrates. When using ortho-chlorinated benzaldehyde as substrate, similar enantioselectivities were obtained as compared with those of benzaldehyde (entries 7-9). In the case of meta-chlorinated benzaldehyde, slight decrease of ee was observed upon going from the first generation to the third generation dendrimer (entries 10-12). According to our pevious study 7 , the oxygen on the linker of the dendritic BINOL might possibly coordinate to titanium and/or zinc atoms which resulted in much different catalytic properties as compare to BINOL. In this study, the amide linkers also significantly influenced the enantioselectivity. In comparing with BINOL and the zero generation of dendrimer 1, titanium complex of 2-G 0 gave lower ee than 1 (entries 1 and 2). When using 3-G 0 as ligands, high conversion, albeit much lower ee was observed than 1 (entry 13). The importance of the attachment of dendritic wedges, on the other hand, is the easy and reliable separation of the chiral BINOL ligands due to their different solubilities in various organic solvents. For example, upon completion of the reaction, chiral BINOL ligands were quantitatively precipitated by the addition of methanol and recovered via filtration. The recovered ligands showed the same enantioselectivity and reactivity (entry 6).
We have also studied the use of these dendritic BINOL ligands in catalyzing the enantioselective reaction of benzaldehyde with diethylzinc in the absence of Ti[OCH(CH 3 ) 2 ] 4 . It was found that these chiral dendritic ligands performed very differently from the BINOL and 1.
(R)-2 gave high conversion, albeit much lower enantioselectivity as compared to 1 (entries 1 and 2). In contrast to (R)-1 and (R)-2, (R)-3 offered the highest enantioselectivity in the asymmetric addition of diethylzinc to benzaldehyde in the absence of Ti[OCH(CH 3 ) 2 ] 4 (entries 3 and 4). This was possibly due to the formation of better catalyst through the coordination of nitrogen on the linker to zinc atom, which was consistent with the findings of Kitajima et al. 14 On the other hand, the enantioselectivity decreased upon going from 3-G 0 to 3-G 1 (entries 3 and 4). In summary, two kinds of dendritic chiral BINOL ligands have been synthesized through the condensation reaction between 2,2'-dihydroxy-1,1'-binaphthyl-3,3'-dicarboxylic acid and Fréchet-type polyether dendrons with primary and secondary amine at the focal point, respectively. These dendritic chiral BINOL ligands were found to be effective in the enantioselective addition of diethylzinc to benzaldehyde both in the presence and absence of Ti[OCH(CH 3 ) 2 ] 4 . Much different enantioselectivity was observed in both cases. In the former case, (R)-2 showed moderate enantioselectivity, which was much higher than that of (R)-3. The size/generation of the dendrimer 2 did not significantly influence the enantioselectivity. In the latter case, (R)-3 gave the highest enantioselectivity as compared with (R)-1, (R)-2 and BINOL, which decreased on going from 3-G 0 to 3-G 1 .
Experimental Section
General Procedures. IR was recorded on a Bruker IFS 25 spectrophotometer. 
Materials.
All experiments, which are sensitive to moisture or air, were carried out under a nitrogen atmosphere using standard Schlenk techniques. Commercial reagents were used as received without further purification unless otherwise noted. Toluene and THF were distilled from sodium benzophenone ketyl, and dichloromethane from calcium hydride. Benzaldehyde was distilled from calcium hydride before use. Compounds (R)-4 and 5 were synthesized according to the reported procedures.
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Synthesis of dendron (7). Under a nitrogen atmosphere, to a stirred solution of 6 (1.0 g, 2.6 mmol) in THF (10 mL) and 0.37 ml triethylamine was slowly added 0.24 ml of phenylamine and the mixture was refluxed for 4h. The reaction mixture was then acidified with 5% HCl and extracted with CH 2 Cl 2 three times. The combined organic layers were washed with 10% Na 2 CO 3 solution and brine, dried over Na 2 SO 4 . After removing the solvent the residue was further purified by column chromatography on silica gel (hexane : ethyl acetate = 4 : 1) to give 7 (0. 4 (34 µ L, 0.10 mmol) was added to a solution of (R)-2-G 0 (13.8 mg, 0.025 mmol) in 1 mL of toluene at room temperature and the mixture was stirred at ambient temperature for 10 min followed by the addition of diethylzinc (1.0 M, 0.375 mL) in hexane with continued stirring for 10 min. Benzaldehyde (13 µ L, 0.125 mmol) was added with microsyringe at 0 o C and the mixture was allowed to stir at 0 o C for a given time. The reaction was quenched with 2.0 mL of 1.0 N hydrochloric acid solution, the mixture was then filtered through a short pad of Celite to remove the insoluble material and the filtrate was extracted with 2 x 1.0 mL of ethyl acetate. The combined organic layers were dried over Na 2 SO 4 and concentrated to solvent free. The residue was purified by column chromatography on silica gel affording 1-phenyl-1-propanol as a colorless liquid. The conversion and enantioselectivity of the product were determined by GLC using a Supelco β-Dex 120 chiral column (30 m x 0.25 mm (i.d.), 0.25 m film) and absolute configuration was based on the comparison with the GLC trace of known 1-phenyl-1-propanol.
